We demonstrate the operation of silicon micro-disk modulators at temperatures as low as 3.8K. We characterize the steady-state and high-frequency performance and look at the impact of doping concentration.
Introduction
The introduction of active micro-disk modulators to the field of silicon photonics opened the door for many new applications [1] . Silicon micro-disk modulators have many desirable features, such as low power consumption, high-frequency operation and CMOS compatibility, which make them useful alternatives for electrical interconnects. Additionally, immunity from electrical noise makes optical interconnects useful in a range of harsh environments. One key example is that of space based telescopes, which have rising bandwidth demands due to increasing sizes of focal plane arrays. In order to further increase the range of environments in which silicon photonics can function, we investigate the operation of micro-disk modulators at cryogenic temperatures. Previously, we have reported the operation of devices down to 115K [2] . Here we extend this work by demonstrating operation of a micro-disk modulator down to 4K.
While silicon photonics benefits from a significantly reduced thermo-optic coefficient and reduced free carrier lifetimes at cryogenic temperatures [3] , the freeze-out of carriers in doped regions limits the use of active devices. Micro-disk modulators rely on the ability to modulate the free carrier density, which in turn modulates the refractive index and shifts the optical resonance. At room temperature the dopants within the modulator contribute charge carriers through thermal ionization. As the temperature of the device drops, the dopants are neutralized and the carrier density quickly drops off. With this in mind, we also study the impact of doping concentration on device performance. The devices studied in this work consist of partially doped vertical junction micro-disk modulators previously described in [4] , and illustrated in fig. 1 . The micro-disks and waveguides are fabricated in a 230 nm thick layer of silicon on top of a buried oxide layer. A vertical PN junction is formed in the micro-disk by ion implantation, with the ion energies chosen in order to vertically separate the implant depths of the P and N dopants. A series of devices were fabricated with doping levels increasing from normal densities (~1×10 18 /cm 3 ) up to a factor of 3 times larger. The devices are mounted in a Montana Instruments Cryostation, which allows cooling to a base temperature of approximately 3.8K. The device of interest is electrically connected through high-frequency semi-rigid SMA cables. Lensed fibers are mounted on AttoCube positioners on either side of the sample, allowing for edge coupling of light into and out of the sample.
Steady State Characterization
Initial characterization included measuring the device under constant current and voltage conditions. In reverse bias the modulator acts as a depletion-based device, in which an applied voltage modulates the width of the depletion region. This in turn causes a change in refractive index, which shifts the optical resonance. In forward bias, charge carriers are directly injected into the junction, leading to much larger changes in the carrier density and therefore much larger shifts in the optical resonance, as seen in fig. 2 . At 4.9K, in a device with 3 times the normal doping concentration, we observe a shift of the resonance on the order of 40 pm/V in reverse bias, which increases to greater than 1000 pm/V in forward bias. The same device showed a similar differential shift at room temperature as can be seen on the right in fig. 2 . 
High Frequency Response
Using a Network Analyzer we measured the frequency response of the modulator. Port 1 of the network analyzer was connected to the modulator through a bias tee. The laser was blue detuned by 0.1 nm from the resonance. After passing through the modulator, the laser was amplified by an EDFA and then detected by a photo-diode. The signal from the photodiode was passed to port 2 of the network analyzer. The normalized S 21 data for a device with 3 times the normal doping concentration is shown on the left in fig. 3 . Even at 4K we observe operation with a 3dB cut-off of approximately 1 GHz. As the temperature is increased above 40K the high-frequency response begins to improve, with a 10 GHz cutoff at room temperature. The reduced frequency response at low temperature is likely the result of increased series resistance of the device due to a lower free carrier concentration. Similar measurements of normally doped devices showed a significantly lower cutoff frequency and a nearly 20dB decrease of S 21 in the range of 5 to 10 GHz as seen on the right in fig. 3 . The improved performance of the higher doped devices is likely due to reduced carrier freeze-out compared to the standard doped devices. 
Conclusions
In conclusion we have presented the first demonstration of a silicon micro-disk modulator operating below 4K. In steady state the device demonstrates resonance shifts comparable to room temperature. By measuring the S 21 parameter we observe frequency response above 1 GHz in devices with 3 times the normal doping concentration.
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